Peptidoglycan recognition proteins (PGRPs) are innate immune molecules that have been structurally conserved throughout evolution in invertebrates and vertebrates. In this study, peptidoglycan recognition protein HcPGRP1 and its isoform HcPGRP1a were identified in the freshwater mussel Hyriopsis cumingii. The full-length cDNAs of HcPGRP1 (973 bp) and HcPGRP1a (537 bp) encoded polypeptides with 218 and 151 amino acids, respectively. Sequence analysis showed that HcPGRP1 had one C-terminal PGRP domain that was conserved throughout evolution. Phylogenetic analysis showed that HcPGRP1 clustered closely with EsPGRP4 of Euprymna scolopes. Real-time PCR showed that the mRNA transcripts of HcPGRP1 and HcPGRP1a were constitutively expressed in various tissues, with the highest level in hepatopancreas. Stimulation with lipopolysaccharide (LPS) and peptidoglycan (PGN) significantly up-regulated HcPGRP1 mRNA expression in hepatopancreas and foot, but not in gill, whereas HcPGRP1a expression was significantly up-regulated in all three tissues. Our results indicate that HcPGRP1 is both a constitutive and inducible protein that may be involved in immune responses (recognition and defense) against invaders.
Introduction
The innate immune system is the first line of defense against invading microorganisms in vertebrates and the only line of defense in invertebrates and plants Hoffmann, 2003) . This system recognizes microorganisms through a series of pattern recognition receptors (PRRs) that have been highly conserved throughout evolution (Hoffmann et al., 1999; Janeway and Medzhitov, 2002) . Peptidoglycan recognition proteins (PGRPs) are a type of PRR and play a very important role in various activities associated with the innate immune response of invertebrates and vertebrates, including pathogen recognition, degradation of the amidase activity of peptidoglycan (PGN), induction of phagocytosis, activation of Toll or immune deficiency (IMD) signal pathways and the prophenoloxidase cascade (Yoshida et al., 1996; Leulier et al., 2003; Mellroth et al., 2003; Bischoff et al., 2004; Chang et al., 2004; Takehana et al., 2004) .
The first PGRP, a 19-kDa protein, was discovered in the hemolymph and cuticle of a silkworm (Bomby xmori) (Yoshida et al., 1996) . Subsequently, highly diversified PGRP homologs were identified in insects and mammals Liu et al., 2001; Christophides et al., 2002) , as well as in mollusks (Su et al., 2007) . Currently, more than 20 PGRP genes have been identified from mollusks. Based on the protein primary structure and length, mollusk PGRPs have been divided into two classes: short PGRPs (PGRP-S) and long PGRPs (PGRP-L). Short PGRPs are small extracellular proteins (19-20 kDa) that usually contain a signal peptide sequence and a PGRP domain. In contrast, long PGRPs have long transcripts and are either intracellular or membrane-spanning proteins (30-90 kDa). In addition to the PGRP domain in the C-ter-minal, PGRP-Ls also contain a large N-terminal domain of unknown function (Guan and Mariuzza, 2007) . Long PGRPs often have multiple splice forms, such as BgPGRP-LA from Biomphalaria glabrata that has three isoforms (-LA, LA1 and -LA2) (Zhang et al., 2007) .
All PGRP genes contain a highly conserved PGRP domain that can recognize and bind PGN; the structure of this region is similar to that of bacteriophage T7 lysozyme that can hydrolyze the bond between N-acetylmuramic acid and the peptide of bacterial PGN (Kim et al., 2003; Dziarski, 2004) . Many PGRPs have amidase activity and are characterized by a Zn 2+ binding site. The active site consists of two histidines, one tyrosine and one cysteine residue, with the cysteine residue being crucial for amidase activity. In Drosophila, the mutation of cysteine (Cys80) in PGRP-SA to tyrosine (Tyr80) abolishes Toll activation by Gram-positive bacteria (Michel et al., 2001) . In addition, the mutation of cysteine (Cys419) to alanine (Ala419) in human PGLYRP-2 results in a loss of amidase activity, indicating that Cys419 is important for this activity (Wang et al., 2003) .
In view of the significant roles of PGRPs in innate immune defense, these proteins have also been studied in mollusks. AiPGRP from Argopecten irradians is induced primarily by PGN and may be involved in the scallop immune response to infection by Gram-positive bacteria . In addition to binding PGN, some PGRPs may also bind other pathogen-associated molecular pattern (PAMP) molecules. For example, CfPGRP-S1 mRNA expression was up-regulated after stimulation by PGN and LPS, indicating a possible role in the immune defense against Grampositive and Gram-negative bacteria .
Hyriopsis cumingii, an economically important freshwater pearl mussel species used for monitoring aquatic environments, is widely cultured in southern China. In this study, HcPGRP1 and its isoform HcPGRP1a were cloned from H. cumingii. In addition, the tissue distribution and inducibility of transcripts in various tissues challenged with LPS or PGN was investigated. The findings reported here should be useful in understanding the immune significance of PGRP in mollusks.
Materials and Methods

Experimental animals
Pearl mussels (H. cumingii)~2 years old (shell length: 55 ± 5 mm) obtained from an aquaculture center in Yueshan Village, Ezhou city, China, were maintained in aerated fresh lake water at 20 ± 1°C before the experiments. For the experiments, mussels were transferred to 10 L of lake water containing Microcystis aeruginosa 905 (purchased from the Institute of Hydrobiology, Chinese Academy of Sciences), with a microcystin-LR (MC-LR) concentration of 40-60 mg/L each day. After five days, the hepatopancreas was excised from the mussels and homogenized in Trizol reagent to obtain the RNA used to construct a suppression subtractive hybridization (SSH) cDNA library and clone the full-length cDNA of PGRP.
SSH cDNA library construction and EST analysis
The differential expression of hepatopancreas genes in mussels exposed to MC-LR was assessed with an SSH cDNA library constructed using a PCR-Select cDNA subtraction kit (Clontech, USA). About 400 positive clones were sequenced and 98 high quality sequences were identified; these sequences corresponded to genes involved in apoptosis, signal transduction, cytoskeletal remodel, innate immunity, material and energy metabolism, translation and transcription . BLAST analysis of all the EST sequences revealed that one EST (EST No.j-7; 406 bp) was homologous to PGRP 4 in E. scolopes (score 150 bits, expect 2e-42, identities 63%, positives 80%, GenBank No. AAY27976); this EST was used to design primers for cloning the HcPGRP1 gene.
Cloning of the full-length cDNA of HcPGRP1
Total RNA was extracted from the hepatopancreas of MC-LR-challenged mussels using Trizol reagent according to the manufacturer's instructions (Invitrogen, USA). cDNA was then synthesized and amplified using a RevertAid first strand cDNA synthesis kit (MBI Fermentas, Germany) according to the manufacturer's instructions. Two groups of specific primers (5' GSP1, 5' GSP2 and 3' GSP1, 3' GSP2) were designed (Table 1 ) from the partial PGRP sequence identified in the SSH cDNA library and were used along with adaptor primers (UPM) for 5' and 3' rapid amplification of cDNA ends (RACE). The RACE reactions were done using a SMART RACE cDNA amplification kit (Clontech) according to the manufacturer's instructions. Two rounds of PCR amplification were done using the following conditions: 94°C for 3 min, followed by seven cycles of 94°C for 30 s, 66°C (first round) or 68°C (second round) for 30 s, 72°C for 90 s and 28 cycles of 94°C for 30 s, 63°C (first round) or 65°C (second round) for 30 s, 72°C for 90 s, and a final extension at 72°C for 10 min. The PCR products were separated by electrophoresis on agarose gels and the desired fragments were recovered with an E.Z.N.A ® Gel Extraction kit (Omega), cloned into the pMD-18 T vector (TaKaRa, Japan) and transformed into competent Escherichia coli TOP10. The positive recombinants were identified by blue-white color selection in ampicillin-containing LB plates and then sequenced at Shanghai Sangon Biological Engineering Technology & Services Co. Ltd. (China).
Cloning of HcPGRP1 isoform cDNA
To obtain a possible splicing variant of HcPGRP1 in H. cumingii, the primer pair isoPGRP1F/isoPGRP1R (Table 1) was designed based on the full cDNA sequence of HcPGRP1. A mixture of cDNA templates from different Tao et al. 509 organs of grass carp was used to clone the splicing isoform of HcPGRP1a.
Sequence analysis
Sequence similarity with other known proteins was analyzed using the BLAST program. The alignment of multiple sequences was done with Clustal W (version 1.83). The theoretical signal peptide was predicted using the SignalP 3.0 Server. The transmembrane domain was predicted with the TMHMM program. Possible N-glycosylation sites were identified using NetNGlyc 1.0 and a Pfam protein family search was done with the Pfam HMM search program. Physico-chemical parameters were analyzed using the ProtParam program. A phylogenetic tree was constructed based on the deduced amino acid sequences using the neighbor-joining (NJ) method with 1000 bootstrap replicates and MEGA v4.0 software.
Gene expression pattern of HcPGRP1 and HcPGRP1a using real-time quantitative PCR
To investigate the tissue distribution of HcPGRP1 and HcPGRP1a transcripts, total RNA was extracted from various tissues (hemocytes, hepatopancreas, gonad, kindey, intestinal, gill, mantle, adductor muscle and foot) of healthy mussels. Total RNA was also extracted from hepatopancreas, gonad, kidney, gill and foot tissues of H. cumingii challenged with LPS or PGN for various intervals.
One hundred and twenty mussels were used for the stimulation experiment. The mussels were randomly divided into three groups (n = 40 each). The sample groups were injected with 100 mL of LPS (1 mg/mL in PBS) from E. coli 055:B5 (Sigma-Aldrich) or 100 mL of PGN (1 mg/mL in PBS) from Staphylococcus aureus (SigmaAldrich), while the control group was injected with 100 mL of PBS. Tissue samples were obtained 3, 6, 12, 18, 24 and 36 h after challenge with PBS, LPS or PGN. Total RNA was extracted using Trizol reagent (Invitrogen) as described by the manufacturer. After treatment with RNasefree DNase, 2 mg of RNA from each sample was reversetranscribed with a RevertAid TM First Strand cDNA synthesis kit (Fermentas) at 42°C using an oligo (dT) 18 primer.
HcPGRP1 expression was examined by quantitative real-time PCR (qRT-PCR) with a SYBR Green supermix (Bio-Rad, USA) in a CFX96 C1000 thermal cycler (BioRad, USA). Two pairs of gene-specific primers (RT-PGRP1F and RT-PGRP1R; RT-PGRP1aF and RT-PGRP1aR) (Table 1 ) designed by Primer premier 5.0 for HcPGRP1 and HcPGRP1a were used to amplify PCR products of 209 bp and 223 bp, respectively. Two b-actin primers (actin-F and actin-R; Table 1 ) were used to amplify a 218-bp gene fragment as an internal control for qRT-PCR. The amplification efficiency of all primers was determined using standard curves and primers with an efficiency of 0.95-1.0 chosen for this study. The qRT-PCR amplifications were done in triplicate along with the internal control gene in 96-well plates. All analyses were based on the CT values of the PCR products. 
Results
Molecular features of HcPGRP1 and HcPGRP1a cDNA
The cDNA sequence of H. cumingii PGRP was confirmed by blastn analysis on NCBI and was designated as signal peptide with a putative cleavage site located after position 36 (MFQ-EG) ( Figure 1A ). An N-glycosylation site was predicted at position 44 (NVT) and an amidase_II domain (also known as a PGRP domain or T phage lysozyme homology domain) was predicted at the C-terminal end of HcPGRP1.
Based on the full-length cDNA sequence, a pair of primers was designed to obtain an alternative splicing isoform of HcPGRP1, which was named HcPGRP1a (GenBank acc. no. KF479261) ( Figure 1B) . The complete cDNA sequence of HcPGRP1a was 537 bp, with an open reading frame (ORF) of 458 bp encoding a polypeptide of 151 amino acids. Alignment of the cDNA sequences of HcPGRP1 and HcPGRP1a showed that alternative splicing in HcPGRP1 is mainly generated by deletion of the sequence between R37-S103 (RPRDIKCNVTLVTREEWHARPTRHTEHMNTPVGI VFIHHTAMAECDDQHTCTVEMQKIQNFHMDIRS) while it retained the entire signal peptide sequence and part of the PGRP domain. Table 2 shows the most important biochemical parameters of HcPGRP1 and HcPGRP1a.
Sequence analysis and phylogenetic characterization of HcPGRP1
BLAST analysis showed that the sequence identity of HcPGRP1 with other homologs ranged from 32% to 56%. The highest percentages of identity and similarity (56% and 70%, respectively) were with the EsPGRP4 homolog (GenBank accession no. AAY27976) from the Pacific oyster E. scolopes. Based on the multiple sequence alignments between HcPGRP1 and other animal PGRPs (Figure 2 ), four catalytic residues (His74, Tyr109, His183 and Cys191) for the T7 lysozyme Zn 2+ binding were found to be highly conserved in HcPGRP1.
A phylogenetic tree was constructed using the neighbor-joining (NJ) method with 1000 bootstraps based on the multiple alignments (Figure 3) . Based on the overall amino acid sequences of 25 PGRPs from other aquatic mollusks, the phylogenetic tree showed that HcPGRP1 and EsPGRP4 from E. scolopes were grouped together in a minimum cluster and then clustered with the other PGRP subfamily from E. scolopes, suggesting there was a close evolutionary relationship between these proteins.
Tissue distribution of HcPGRP1 and HcPGRP1a mRNA SYBR Green real-time PCR analysis was used to study the distribution of mRNA expression of the two PGRPs, with the housekeeping gene b-actin used as an internal standard. HcPGRP1 and HcPGRP1a mRNA was constitutively expressed at different levels in a variety of tissues (Figure 4) . The level of HcPGRP1 mRNA expression was highest in hepatopancreas followed by intestine, and lowest in hemocytes. The expression of HcPGRPS1a was also highest in hepatopancreas followed by intestine, but was lowest in adductor muscle.
Expression pattern of HcPGRP1 and HcPGRP1a in mussels challenged with LPS or PGN Time-course experiments were used to investigate the temporal variation in HcPGRPS1 and HcPGRP1a transcription in vivo for up to 36 h after a challenge with LPS or PGN. Based on the initial expression patterns determined by RT-PCR, three H. cumingii tissues (hepatopancreas, gill and foot) were selected to evaluate the patterns of HcPGRP1 and HcPGRP1a gene expression. The b-actin gene was used as an internal control. Figure 5A -C shows that stimulation with LPS significantly up-regulated HcPGRP1 gene expression in hepatopancreas and foot, with the highest expression occurring 18 h and 3 h post-stimulation, respectively (p < 0.05); there was no significant change in HcPGRP1 expression in gill. In contrast, HcPGRP1a expression was significantly upregulated in hepatopancreas, gill and foot, with the greatest increase occurring 12 h, 12 h and 6 h post-stimulation, respectively (p < 0.05). In mussels stimulated with PGN (Figure 5D-F), the expression of both HcPGRP1 and HcPGRP1a was significantly up-regulated in hepatopancreas, gill and foot. HcPGRP1 mRNA expression was highest in hepatopancreas, gill and foot at 12 h, 12 h and 24 h post-stimulation, respectively (p < 0.05), whereas that of HcPGRP1a mRNA was highest at 12 h, 6 h and 18 h, respectively (p < 0.05).
Discussion
In this study, a PGRP gene (designated as HcPGRP1) and a splice variation (HcPGRP1a) were cloned from H. cumingi. Both of these genes and the previously cloned HcPGRPS1 (Yang et al., 2013) belonged to the PGRP gene family of H. cumingi. HcPGRP1 had a predicted molecular 512
HcPGRP1 gene in freshwater mussel analyses showed that HcPGRP1 was homologous to EsPGRP4 from the mollusk E. scolopes (Goodson et al., 2005) and clustered closely with other PGRPs from E.
Tao et al. 513 scolopes, suggesting that there was a close evolutionary relationship among these proteins. BLAST analysis also revealed that the HcPGRP1 gene shared 50% identity with HcPGRPS1 and < 56% identity with EsPGRP4, while the phylogenetic analysis placed HcPGRP1 and HcPGRPS1 on different evolutionary branches. This result suggests that these two proteins from the same organism belong to different subfamilies.
Multiple alignments with other short PGRPs showed that the four amino acids (His17, Tyr46, His122 and Cys130) that are required for the T7 lysozyme Zn 2+ binding and amidase activity were conserved in HcPGRP1 (His74, Tyr109, His183 and Cys191) (Cheng et al., 1994) ; these sites have also been found in HcPGRPS1 from H. cumingi (Yang et al., 2013) , CgPGRPS3 from Crassostrea gigas (Itoh and Takahashi, 2008) , AiPGRP from A. irradias and DmPGRPSC2 from Drosophila (Bischoff et al., 2006) . This similarity suggests that these molecules might serve as amidases involved in the elimination of PGN during the immune response against bacteria.
Mollusk PGRPs may have developed special functions during their evolution. For example, EsPGRPs 1, 2, 3 and 4 from E. scolopes may serve as signal transducers to trigger the Toll/NF-kB phosphorylation cascade. However, the replacement of Cys160 by Ser160 in EsPGRP4 results in a loss of catalytic activity and limited PGN recognition or signal transduction functions (Goodson et al., 2005) . Some PGRPs specifically or preferentially recognize Daptype or Lys-type PGNs, with this specificity being determined by the three amino acids in the PGN binding groove. For example, in mollusks, rCfPGRPS1 shows high affinity for Lys-type PGN (Yang et al., 2010) and HcPGRPS1 displays PGN-binding activity towards DAP-type and Lystype PGN (Yang et al., 2013) , whereas human PGLYRP-1 (Gly68, Trp69 and Arg88) and Drosophila PGRP-LE (Gly234, Trp235 and Arg254) bind Dap-type PGN (Swaminathan et al., 2000; Kumar et al., 2005; Chang et al., 2006) . As shown here, HcPGRP1 retained only two of the four amino acids (Trp104 and Arg123) that are normally conserved, which suggested that the binding specificity of this protein was for DAP-type PGN.
Alternative splicing, a process by which multiple different functional messenger RNAs can be synthesized from a single gene, plays a key role in the expansion of proteomic and regulatory complexity (Nilsen and Graveley, 2010) . Some previous reports had shown that multiple alternative splicing isoforms exist in PGRP gene families, e.g., Drosophila has 13 PGRP genes that encode 19 proteins, Anopheles has seven PGRP genes that encode nine proteins Christophides et al., 2002) . In addition, B. glabrata BgPGRP-LA has three isoforms (-LA, LA1 and-LA2) (Zhang et al., 2007) . As shown here, 514 HcPGRP1 gene in freshwater mussel we cloned a splice variation (HcPGRP1a) of HcPGRP1 that lacked part of the PGRP domain. Alternative splicing isoforms probably interact with normal forms to produce stimulatory and inhibitory effects (Rosenstiel et al., 2006; Chang et al., 2011) . Mollusk PGRPs show highly variable expression in various tissues. For example, bay scallop (A. irradians) AiPGRP is predominantly expressed in hemocytes , whereas Pacific oyster (C. gigas) CgPGRP-S1L and CgPGRP-S3 are mainly expressed in mantle and digestive diverticula, respectively (Itoh and Takahashi, 2008) . In H. cumingi, the pattern of HcPGRP1 and HcPGRP1a expression was similar to that of H. cumingi HcPGRPS1 (Yang et al., 2013) and Solen grandis SgPGRP-S1 (Wei et al., 2012) ; both genes were detected in all of the tissues examined, with the highest expression in hepatopancreas. The selective expression of PGRPs in different tissues suggests that they have different functions in the body. The responsiveness of PGRPs after exposure to microorganisms also varies considerably among host species. Stimulation with PGN, LPS and glucan markedly up-regulates the expression of CfPGRP-S1 in hemocytes of Chlamys farreri, indicating that this inducible protein is involved in the immune response to invading microbes (Yang et al., 2010) . Similarly, SgPGRP-S1 and SgPGRP-S2 from S. grandis and HcPGRPS1 from H. cumingi were significantly induced in response to stimulation by LPS or PGN (Wei et al., 2012; Yang et al., 2013) . As shown here, microbial ligands (LPS Tao et al. 515 Figure 5 -Temporal expression of HcPGRP1 and HcPGRP1a mRNA in tissues (hepatopancreas, foot and gill) during the time course challenge with LPS (A-C) or PGN (D-F). Statistical comparisons of the control (untreated) and challenged (treated) groups were done using one-way analysis of variance (ANOVA) and SPSS 13.0 software. Vertical bars indicate the mean ± SD (n = 3). *p < 0.05 compared to relative mRNA expression at 0 h. and PGN) also induced the expression of HcPGRP1 and HcPGRP1a in hepatopancreas, gill and foot, indicating the importance of HcPGRP1 as innate pattern recognition receptors in immune defense. Interestingly, the increase in HcPGRP1 and HcPGRP1a expression in hepatopancreas and foot tissue in response to LPS was greater than for PGN, which suggests that LPS may be the potential ligand for HcPGRP1.
